Objective: To describe the seasonal growth patterns in Shanghai infants, to explore seasonal time lag between weight gain and length gain, and to investigate the long-term effect of birth season on early postnatal growth. Design: Community-based longitudinal study. Setting: Shanghai, People's Republic of China. Method: Children were followed up monthly from 1 to 6 months, 3 monthly from 6 to 12 months, and 6 monthly from 12 to 24 months. Subjects: A total of 6018 children born between 1 January 1980 and 31 December 1990. Main outcome measures: Weight gain, length gain and change in body mass index (BMI) over the seasons of the year. Results: The infants tended to grow faster in height in spring and summer, and faster in weight and BMI in autumn and winter. The seasonal effect on weight gain and length gain is largely independent. The mean length value at 1 month of age was about 2.0 cm higher in infants born in May to July than in those born in November to February. At 24 months of age this difference was reduced to about 0.7 cm. Conclusions: There is a clear and consistent seasonality in growth in Shanghai infants. The seasonality seems to act independently on weight and length. Birth month has some association with attained size, but this is reduced during the ®rst 2 y of life. Sponsorship: Children's Hospital
Introduction
Seasonal variation has long been known as a common feature of linear growth in developing countries. Infants tend to grow faster in height in spring and summer and faster in weight in autumn and winter (Brown et al, 1982; Nabarro et al, 1988; Pollit & Arthur, 1989; Eveleth & Tanner, 1990; Cole, 1993) . However, seasonality in child growth is not con®ned to less-developed communities. Child growth in af¯uent groups, for instance in Northern Europe, shows a clear seasonal pattern, with height growth tending to accelerate in the summer and weight accelerating in the winter (Marshall, 1971; Cole, 1993; Gelander et al, 1994) . The causes of seasonality in child growth may be different between the developing and developed world. In developing communities the growth rate seems governed more by climatic factors such as dry and wet periods, and by their in¯uence on the availability of food and the prevalence of infectious diseases (Eveleth & Tanner; 1990) . This is not the case in developed countries with abundant food supply, better hygiene and disease prevention programs. Despite much research on the seasonality of growth in developed nations, the causes and mechanisms of seasonal variation are still unclear, but are taken as an effect of the change in the light and dark cycle (Marshall & Swan, 1971; Cole, 1993; Gelander et al, 1999) . Many growth studies in developing countries have reported a lagging pattern in gain in weight and height, ie a change in the mean height gain follows a change in the mean weight gain by 3 ± 4 months (Brown et al, 1982; Nabarro et al, 1988; Karlberg et al, 1993; Waterlow, 1994) . However, there are few studies investigating whether there is a true related time lag between the weight gain and the heightalength gain on an individual level. Most previous studies on seasonality in developed communities have included children rather than infants, so the seasonal effect on growth in`normal' infants has not to our knowledge been examined.
The objectives of this study were to describe the seasonal pattern of growth in Shanghai infants over 11 birth-year cohorts, to explore potential factors being associated with the seasonal changes in the growth rate, and to explore a long-term effect of birth season on postnatal early human growth. We also aimed to examine the association between any seasonal changes in weight gain and length gain on an individual basis.
Materials
The data series represents a community-based, longitudinal child health monitoring system carried out at the Department of Child Health Care, Children's Hospital of Shanghai Medical University. The study population consisted of 6018 full-term children, born between 1 January 1980 and 31 December 1990 in Fenling Community, Shanghai. There were 3381 boys (53.2%) and 2974 girls (46.8%). The average annual number of children born was 547.
The children were followed-up and examined in the Department of Child Health Care at the Children's Hospital up to the age of 6 y. They were measured monthly from 1 to 6 months, 3 monthly from 6 to 12 months, 6 monthly from 12 to 36 months, and annually from 3 to 6 y. Those measurements taken within 2 weeks of the monthly scheduled appointment during the ®rst year of life were kept in the analysis. Similarly, those taken within 1 and 2 months, respectively, of the scheduled appointment between 1 ± 3 and 4 ± 6 y of age were kept. Records which did not meet these criteria were excluded from the analysis.
The aim of the present study was to describe seasonality during infancy, ie from birth to 2 y of age. We selected all infants still remaining at the clinic at 2 y of age for the present analysis, representing 68.6% of the total sample, ie 4128 children.
Methods

Socio-economic status
Parents' educational level and occupation were reported at their ®rst visit to the clinic. Their educational level was recorded in three types: primary, secondary and postsecondary. The occupation of the parents was categorised into four groups: professional, administrative, worker and other; the latter group included peasants, the unemployed and small private business owners.
Measurements
Weight. Infants were weighted to the nearest 50 g on a balance-beam scale. The same scales were used throughout the study period and calibrated daily.
Length. Recumbent length was taken for all children. The child was laid in a supine position with hisaher head held and the chin slightly extended, so that their head could be gently pressed against the top vertical board. The nurse grasped both ankles and straightened the knees, keeping the child gently stretched. The movable arm of the anthropometer was then brought up to press gently against the heel. Length was measured to the nearest 0.1 cm. Feeding pattern. Feeding patterns were grouped into two types, ie breastfed and non-breastfed. The former was de®ned as the baby being fed with human milk, whether exclusively or not at the age of examination. Non-breastfed infants were those who did not receive any human milk at the age of examination. The percentage of infants breastfed was 72.0%, 65.6%, 51.4%, 34.6% and 9.2% at 1 month, 3 months, 6 months, 9 months and 12 months of age respectively.
Diarrhoea. The parents were asked for details of any diarrhoeal episode at each visit to the Department of Child Health Care, but the diagnosis was given by a hospital paediatrician at the time of the episode. In this work we added the total number of episodes between 0 and 6 months of age in one variable and the total number between 6 and 12 months in another.
Season. The year was divided into four seasons: spring, summer, autumn and winter, and the average monthly temperature is given in Figure 1 (Shanghai's Temperature (Celcius), Beijing Information Harbor; available from www.bta.net.cn/travel.cn/cshangh.htm#climate). The spring period included February, March and April; any growth velocity value with an interval midpoint in any of these 3 months was coded with a spring growth velocity value. Summer, autumn and winter were de®ned as May to July, August to October and November to January, respectively.
Temperature. Shanghai has a sub-tropical climate with four distinct seasons, and the average monthly outdoor temperature over the year is quite different, being higher from May to October and lower from November to February. Figure 1 shows the average monthly outdoor temperature over the year of both Shanghai and Go Èteberg, Sweden. The difference in the average yearly outdoor temperature between Shanghai and Go Èteberg is about 6 C. The data on the average monthly outdoor temperature was obtained from Beijing information Harbor (http:// www.bta.net.cn/travel.cn/cshangh.htm#climate). The data about the average monthly outdoor temperature of Go Ète-berg (Sweden) was obtained from the Internet (http:// www.elji.se/tjornvader/klimatdata.html).
Statistical analysis
The central tendency of the seasonal variation in growth rate between different groups was tested, using the Kruskal ± Wallis k-sample test for each of the three body measurements at each age interval.
Multiple linear regression analyses were applied to the data with the season, sex, birth year, feeding pattern and diarrhoeal disease as independent variables. Dependent variables were weight velocity, length velocity or BMI velocity as calculated at each age interval. In the regression models, diarrhoea was given the value of 1 if the child had experienced at least one diarrhoeal episode during a 6 month period (0 otherwise).
A series of simple linear regression models was applied to test the relationship between the average monthly outdoor temperature and growth velocity for the three body measurements.
The three body measurements, weight, length and BMI, were all converted into standard deviation scores (s.d.s.) according to the new national Swedish growth reference values (He et al, 2000; Luo, 2000 All statistical analyses were carried out using the SAS (Statistical Analysis System) for Windows, Version 6.10 (SAS Institute Inc., 1996). A P-value of less than 0.05 was regarded as statistically signi®cant and only two-tailed tests were used.
Results
Comparison of subjects included and excluded
There was no signi®cant difference (P b 0.05) in the majority of the background measures, such as sex, length at 1 month, and parents' occupation and education, between the children followed-up for at least 2 y and those who dropped out before that time. However, the difference between the two groups in mean weight at 1 month was found to be statistically signi®cant (P`0.05): the measurement for infants followed-up was 4.42 kg, whereas for those who dropped out it was 4.38 kg. Figure 2 shows the mean growth velocity values of the three body measurements for each age interval. Note that the mean values over the seasons have been joined in Figure 2 , but the infants are not the same in the four seasonal groups. Both sexes and 11 birth-year cohorts have been pooled. The mean weight velocity values varied, being lower in the summer and higher in the autumn and winter in each age interval; the same seasonal pattern was seen in the mean BMI velocity values. In contrast, the mean length increment values were found to be lower in autumn and winter and highest in the summer at almost all age intervals. The central location of the seasonal variation in growth rate was tested using the Kruskal ± Wallis test; statistically signi®cant (P`0.05) differences were found in all age intervals for the three body measurements, except weight velocity at 3 ± 6 months of life.
Seasonality of growth velocity at different age intervals
In order to investigate whether there was a different seasonal pattern over the study period, yearly data were categorised into four groups according to birth year; 1980 ± 1982, 1983 ± 1985, 1986 ± 1988 and 1989 ± 1990 . The data was not large enough to analyse this for each birth year Figure 1 The average outdoor temperature for each month of the year in both Shanghai (Beijing Information Harbor) and Go Èteborg (Sweden).
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X Xu et al separately. Figure 3 displays the mean weight, length and BMI velocities at 6 ± 9 months of age and at 9 ± 12 months of age for boys in the four birth-cohort groups. The seasonal patterns were roughly the same for all birth-year groups, ie the infants were growing faster in length in spring and summer and faster in weight and BMI in autumn and winter. Similar results were found in other age intervals for both sexes separately (data not shown).
On the aggregated data level, there was a time-lag between the seasonal effect on weight velocity and length velocity. To further investigate this, a series of bivariate correlation analyses was performed between individual weight and length gain at various age intervals. Growth velocity in two consecutive 3-month intervals was selected from the same individuals, ie 3 ± 6 months of age (related to 6 ± 9 months of age) and 6 ± 9 months of age (related to 9 ± 12 months of age). The series was divided into four groups according to the season of the year, and the results are shown in Table 1 . The correlations between the individual weight gain and length gain during the same age interval were between 0.20 and 0.50 (P`0.05); the correlation coef®cients were similar during the four seasons for one and the same age group. There was a signi®cant (P`0.05) negative correlation between the individual length gain at one age interval and the corresponding length gain at the following age interval. However, the correlation between the individual weight gain at one age interval and corresponding weight gain at the following age interval was close to zero (0.00 ± 0.16). Length gain at 3 ± 6 months of age was weakly and insigni®cantly correlated with weight gain at 6 ± 9 months of age. Similarly, weight gain at 3 ± 6 months of age, length gain at 6 ± 9 months, and weight gain at 6 ± 9 months were only weakly correlated with subsequent growth in the other aspects. The weight gain at one age interval predicted less than 0.5% of the variation (r 2 value) in the length gain at the next age interval, and the length gain at one age interval also predicted less than 0.5% of the variation in the weight gain at the next age interval.
A series of multiple linear regression models was applied to the data series in order to test for a seasonal pattern. The models included, as independent variables, season, birth year, sex and any diarrhoeal episode between birth and 6 months of age and between 6 and 12 months. The incidence of diarrhoea was 0.22 episodes per child under 6 months and 0.12 episodes between 6 and 12 months of age. A signi®cant association was found between the season of the year and the growth velocity for all three body measurements in virtually all age intervals (P`0.05; Table 2 ). Sex and birth year were both signi®cantly (P`0.05) related to the growth velocity of the three body measurements in most age intervals. However, an insigni®cant relationship (P b 0.05) was found between diarrhoeal episodes and the growth velocity of the three body measurements, except weight and BMI velocity between 6 and 9 months of age. Feeding pattern (breastfed or non breast-fed) was added to the regression model and it was not found to be signi®cantly (P b 0.05) related to Figure 2 Mean weight velocity, length velocity and mean BMI velocity during the four seasons of the year by various age intervals. Both sexes and all birth-year cohorts were pooled. Spring, summer, autumn and winter represent February ± April, May ± July, August ± October and November ± January, respectively. A signi®cant difference (Kruskal ± Wallis test) between the mean velocity values for weight, length and BMI over the four seasons at each age interval was labeled with *(P`0.05) or **(P`0.01). Figure 3 Mean growth velocity in boys for the three body measurements Ð weight, length and BMI Ð at 6 ± 9 months and 9 ± 12 months of age over the four seasons by four birth-year groups.
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Seasonality of growth
X Xu et al the growth velocity for any of the three body measurements at any of the various age intervals. A series of regression models was applied to test the relationship between the temperature and the three growth velocities at each age interval. The model used temperature as an independent variable. The dependent variables were the three body measurement velocities at each age interval (data not shown). Weight and BMI velocity were Season of the year: February ± April, May ± July, August ± October and November ± January represent spring, summer, autumn and winter, respectively; Winter as reference category. Figure 4 , weight and BMI velocity Figure 4 The individual growth velocity values between 12 and 18 months of age for (a) weight, (b) length, and (c) BMI plotted against the average monthly outdoor temperature in Shanghai. Both sexes were pooled. The series was ®tted by a linear regression function as shown both numerically and graphically in the ®gure; the 95% con®dence interval of the mean regression line is also drawn.
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between 12 and 18 months of age were both negatively associated with the average monthly outdoor temperature, whereas there was no signi®cant relationship between length velocity and temperature.
Effect of birth season on body size between 1 and 24 months of age In order to investigate the long-term effect of birth season on infant growth, we categorised the data into four groups according to birth season. In Figure 5, 
Discussion
This study shows in detail the seasonality of growth velocity in the ®rst 2 y of Chinese infants in Shanghai. Weight and BMI velocity tend to be greater in the autumn and winter, while length velocity tends to be greater in spring and summer. However, weight velocity at one age interval, say 3 ± 6 months of age, and length velocity in the following 3 month interval were virtually independent of each other, implying that seasonality in weight does not affect length gain in the following months. There was some (He et al, 2000; Luo, 2000) .
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long-term seasonal effect on early human growth. The mean length s.d.s. value at 1 month of age is higher in infants born in May to July than in those born in November to February; the mean difference is about 0.8 s.d.s., or 2.0 cm. At 24 months of age this difference was reduced to about 0.3 s.d.s., or 0.7 cm.
Study design
This study was a community-based longitudinal study. The data was collected by a research team with both academic and clinical experience and the children were assessed in a regular morning clinic in a comfortable, air-conditioned environment. The anthropometric measurement and the 
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X Xu et al diet and infectious disease recall were well documented in a standard way, and the records were all kept in the clinic. The data of the 11 consecutive birth-year cohorts constitutes a unique series of longitudinal data, and provided accurate information about child growth determinants in relation to birth season, age, diet and some infections, as well as any trends over the 11 study years. There were no signi®cant differences in socio-economic background and mean length at 1 month of age, between children followed-up and those who dropped-out before the age of 2 y. The mean weight at 1 month was statistically signi®cantly different between the two groups of children, although this difference is regarded as minor and unimportant from a clinical viewpoint.
Measurement error at one time point could be a factor in over-estimating or under-estimating differences between two subsequent rounds. However, there is little reason to believe that the main results presented in our study would be signi®cantly in¯uenced by the measurement error. All these measurements were taken by trained medical staff using standardised equipment and measuring techniques. The values were plotted on growth charts and evaluated by a paediatrician. Measurement errors could be easily found and immediately corrected.
Seasonality of growth velocity at various age intervals
Seasonal variation in growth rate in weight, length and BMI was calculated over 3-monthly intervals in the ®rst year of life, and 6-monthly intervals in the second. Seasonal classi®cation of growth velocity was based on the midpoints of the intervals.
Our results demonstrated clear seasonality in growth velocity in the Shanghai children in the ®rst 2 y of life. The seasonal effects emerge from the regression analysis as being highly signi®cant and consistent over all birth-year cohorts. The seasonal in¯uence was age-speci®c and also speci®c to the different dimensions of body size. Weight velocity was found to be lower in the summer and higher in the autumn and winter. This pattern is remarkably consistent over the different ages. An exception is found during the ®rst half-year of life, in which the seasonal changes were less marked. Some previous studies have shown a similar age-dependent seasonal effect on weight gain (Rosetta, 1988; Jalil et al, 1989; Cole, 1993) . In Gambia, even under such a harsh environment, seasonality of weight velocity is hardly evident before 3 months of age. An explanation provided by previous researchers was that, during the ®rst few months of life, most infants are fully breastfed and largely free from infections. Seasonal effect on BMI velocity behaves in a manner similar to that of weight velocity, but the change was more marked and the effect persisted over all ages. Since BMI re¯ects both weight and length gain, its seasonal effect becomes more distinct than that of weight or length alone.
The mean length gain was lower in autumn and winter and higher in spring and summer at almost all age intervals in the Shanghai children. It is worth noting that the seasonal in¯uence on linear growth seems to appear as early as in the ®rst few months of life. This contrasted with Swedish studies that reported seasonal variation in length gain during the second year of life, but not during the ®rst 6 months (Karlberg et al, 1987) .
Another interesting and unexpected observation is that the seasonal variation in length velocity and weight velocity was not found to be synchronised. There was a time lag in the seasonal effect on weight and length velocity of about 3 months. Previous studies have reported a similar time lag in the poor areas of developing countries: a reduced weight gain during the summer months and a reduced length gain a few months later (Martorell & Habicht, 1986; Nabarro et al, 1988; Cole, 1993; Karlberg et al, 1993) . Other studies on children recovering from malnutrition provides evidence that linear growth will not catch up until at least 85% of expected weight-for-length is achieved (Walker & Golden, 1988) . Waterlow (1994) pointed out that this relationship to body weight might provide a clue to the regulation of linear growth. However, our results showed that all correlation coef®cients between weight gain in one age interval and length gain at the next were close to zero. Weight gain in one age interval explained less than 0.5% variation (r 2 value) on the length gain in the next age interval. This strongly implies that the seasonal effect on weight gain at one age interval and corresponding length gain at the following is largely independent. Although there were different seasonal velocity patterns for weight and length, our results showed consistently high correlations between individual weight and length gain at the same age interval over the four seasons. For the same body measurement, the correlation between two consecutive age intervals (seasons) was relatively negatively high for the length gain, in comparison with that for the weight gain. This implies that a slower growth in one season tended to be partly compensated by a faster growth in a subsequent season. Therefore, the seasonal effects of weight and length partly mitigate themselves individually, rather than in¯uence each other.
Several mechanisms have been discussed as being responsible for the seasonal variation in growth. Growth may be affected by external factors, such as nutrition, infection, physical activity, temperature or length of daylight, all of which may vary over the year (Hermanussen et al, 1988; Marshall & Swan, 1971) . More recent studies reported that seasonal variation in growth was associated with changes in IGF-1 and IGFBP-3, both of which showed considerable monthly variations and paralleled changes in height and weight velocity; both IGF-1 and IGFBP-3 were in¯uenced by illnesses and outdoor temperature (Gelander et al, 1999) .
In the present study, diarrhoea did not show a strong affect on infant growth, as in other empirical studies. This fact may be related to that diarrhoea is not so common in Shanghai infants as in those in other developing communities; the incidence of diarrhoeal episodes was 0.22 per child under 6 months and 0.12 per child between 6 and 12 months of age. However, the hypothesis that diarrhea is a causal determinant of nutritional status and growth has been disputed. Briend found that there were temporal ambiguities and inconsistencies in ®ndings in the empirical literature (Briend, 1990) . A Gambian population study also showed that the secular decline in clinic attendance for diarrhea did not come with a secular rise in mean weight and mean length at age 1 and 2 y (Poskitt et al, 1999) .
It is also unlikely that food availability is an important factor of seasonality infant growth in our study, as most food is equally available throughout the year in Shanghai. We speculated that seasonality of growth is more likely to be caused by a loss of appetite by the infants in the humid summer months. From the clinical experiences of the ®rst authors, most mothers complained that their babies ate less food, and also that it was dif®cult to introduce solids to their baby during the hot period of the year.
Some studies reported that the seasonal variation in light and temperature might exert an effect on growth rate. In Orkney, Marshall made a longitudinal study of the growth of children over 2 y (Marshall, 1975) . The growth rates of children were negatively correlated with temperature. However, in California, where minimal change in outdoor temperature occurs over the year, children also showed a seasonal pattern of growth (Lee, 1980) .
Our results showed that temperature has some association with weight and BMI velocity, but that it is quite small and statistically signi®cant only in the second year of life. The coef®cient between weight velocity and temperature is only 70.027. We also found that the mean weight difference between shanghai infants and their Swedish counterpart is about 1 s.d. or 1.2 kg at 24 months of age (as shown in Figure 5 ). The average yearly outdoor temperature is quite different between Shanghai and Sweden about 6 C (as shown in Figure 1) . Thus, the difference in weight gain is about 0.16 kg per year, ie about 13% of the difference in weight between Shanghai and Sweden infants may be attributable to temperature. However, we did not ®nd any relationship between length velocity and the average outdoor temperature. The low correlations between growth rates and temperature imply that, in Shanghai, seasonal variations in temperature exert at most only a small effect on growth rate. However, the outdoor temperature correlates with many other factors that we did not examine, such as rainfall, humidity and light ± dark cycle, all of which may be related to human growth (Marshall, 1971 (Marshall, , 1975 Gelander et al, 1994) .
Effect of birth season on body size between 1 and 24 months of age As mentioned above, there is a seasonal effect on growth velocity at each age interval. Infants tended to grow faster in the summer and more slowly in the autumn. The total annual growth rate has been reported to be virtually independent of the seasonal variation in childhood growth in Swedish 7 to 8-y-old children (Gelander et al, 1994) . However, birth season may exert a long-term effect on postnatal human growth. Weber and colleagues reported that stature at age 18 y in Austrian men varied up to 6 mm, according to month of birth (Weber et al, 1998) . Our results showed that during the ®rst 2 y of life, infants born in the summer attained higher body length than those born in other seasons. The difference between the highest (in June) and the lowest (in January) monthly mean length s.d.s. value at 1 month of age is about 2.0 cm, and at 24 months of age about 0.7 cm. Some studies suggested that the critical period for the impact of seasonal effect upon growth measures in infants living in developing countries seems to be between 6 and 24 months of age (Rosetta, 1988; Karlberg et al, 1993; Marin et al, 1996) . Therefore, one possible explanation is that infants born in the summer experience autumn and winter in their ®rst half year of life, which is less in¯uenced by seasonality. In their second half year of life they experience spring and summer, in which length tends to grow faster. Conversely, the D s.d.s. for 1 ± 24 months of age, varied by birth months, almost 0.5 s.d.s. difference between peak maximum (January) and peak minimum (June). The mean s.d.s values of length, weight and BMI at 1 month of age showed a relatively strong seasonal variation, but this was partly compensated postnatally and at 24 months there was less obvious difference in body size in relation to birth season.
Both size at birth and early postnatal growth affect the psychomotor development of infants (Cheung et al, 2001) . Recent studies have also demonstrated that size at birth is associated with an increased risk of cardiovascular disease, hypertension and non-insulin dependent diabetes in adult life (Barker et al, 1993; McCance et al, 1994; Eriksson et al, 1999; Lucas et al, 1999; Dennison et al, 1997) . In a recent Hong Kong study, it was shown that, not only length and ponderal index at birth, but also the gain in ponderal index from birth to 18 months of age, were related to systolic blood pressure at 30 y of age (Cheung et al, 2000) . It may thus be plausible that a nutritional seasonal effect on early growth can have both short-term and long-term impact on health. An indication in this direction has been given by a study in Gambia, where it was found that season of birth predicted mortality in later life (Moore et al, 1997) .
Compared to the Swedish BMI reference values, there is a striking increase in the mean BMI s.d.s. values in the ®rst half year of life in the Shanghai infants ( Figure 5 ). From about 4 to 6 months of age, their mean BMI s.d.s. values decreased and continued to decline up to 24 months. Similar ®ndings have previously been reported for another cohort of Chinese infants; this difference in BMI between normal Chinese and Caucasian infants has been proposed to be related to genetic factors during the ®rst year of life and to nutritional factors during the second year (Tam et al, 1999) . This consistent and striking ethnic group difference ®nding in early nutritional status merits further detailed study, since it may be associated with adult disease patterns.
In conclusion, there is a clear seasonality in growth velocity in Shanghai infants, who tend to grow faster in length in spring and summer and faster in weight and BMI in autumn and winter. The seasonal effect on weight gain and length gain is largely independent. The seasonal effect is not very strong in determining postnatal early human growth, but it must be emphasised that seasonal changes have a major in¯uence on short-term growth. When monitoring the growth of an individual or conducting short-term growth studies, we should not only consider sex and age but also the season of the year. To what extent growth seasonality in early life has on any long-term impact on adult disease pattern, in line with the Barker theory, is not known, but should be further investigated.
